Fractional order calculus has been used intensively to control various types of processes, with a focus on singleinput-single-output systems. A few design procedures for multivariable systems exist. This paper proposes a simple and effective method for designing a multivariable fractional order PI controller for systems with multiple time delays. The design procedure is based on a steady state decoupling of the multivariable system and on settling time and gain robustness specifications. To avoid the time consuming optimization routines for determining the controller parameters, an iterative procedure is preferred and used. The case study presented demonstrates the efficiency of the proposed control design, the closed loop system behaving robustly to significant gain variations ranging ±30%.
Introduction
The design problem of fractional order controllers has been the interest of many authors, with some valuable works [1, 2, 3, 4] in which the fractional order (FO) controllers have been applied to a variety of dynamical processes, including integer-order and FO systems, so as to enhance the robustness and performance of the control systems [2, 5] . The choice of fractional order PI μ D λ controllers is based on their potential to improve the control performance [6, 7, 8] , due to the supplementary tuning variables involved, μ and λ. However, the majority of the works conducted in the field of fractional order controllers deal with plants of the form of single input single output systems, with only a few results obtained for multivariable FO PID controllers design [9, 10] . Previous techniques for designing the multivariable FO PID controllers consist in an approach similar to the single-input-single-output case. In [10] , the novel method proposed by the authors is based on an H ∞ problem with a controller structure constraint, while the controller parameters are optimized to achieve both userspecified robust stability and performance, the controller obtained being tested for controlling systems with multiple delays.
The present paper proposes a different approach in the design of a multivariable fractional order PI controller for systems with multiple time delays. The proposed method is simpler and offers significant robustness against gain uncertainties. The main outline of the controller design consists in a steady state decoupling of the process, design of the single-input-single-output (SISO) fractional order PI controllers for the decoupled process and computation of the final multivariable FO PI controller.
The design of the SISO FO PI controllers is based on a robustness specification to gain uncertainties and a settling time performance requirement, imposed using the gain crossover frequency. To avoid time consuming optimization routines, the authors use an iterative procedure to determine the tuning parameters of the FO PI controller, the proportional and integral gain and the fractional order. Since the design focuses on multivariable time delay processes, the control structure used consists in a Smith Predictor, which facilitates the design of the multivariable FO PI controller.
The paper is structured into four parts. Immediately after the Introduction, the proposed control method is presented, including the decoupling procedure, the multivariable fractional order PI controller design in a Smith Predictor structure and the implementation procedure of the controller obtained. Section 3 contains a case study to exemplify the tuning procedure described in Section 2. The design is presented step by step, while the last part fo the section presents the simulation results that demonstrate the efficiency of the proposed control method. The last part of the paper contains the concluding remarks. 
where g ij represent first order transfer functions from the j th input to the i th output [11] . It is assumed that the model of the multivariable process is equal to G p (s):
The steady state gain matrix of the model G m (s) is given by: 
To design the controller, the first step consists in a steady state decoupling of the multivariable process [11, 12] : . The decoupled process, in steady state conditions, will exhibit a zero value for each non-diagonal term and a unitary value for all diagonal terms, due to the static decoupling in (4) . As a consequence, the non-diagonal terms will not be considered in the design of the controller.
The diagonal terms in G D (s) consist of weighted sums of the various transfer functions in G m (s). To facilitate the design of the controller, these diagonal terms are further approximated with simpler transfer functions. The approximation may be performed using various techniques, such as graphical methods or genetic algorithms [11, 13] .
Assuming that the diagonal terms in G D (s) have been approximated with transfer functions denoted as:
the next step consists in the actual design of the multivariable fractional order controller.
Multivariable Fractional Order PI Controller Design in a Smith Predictor Structure
The control structure proposed in this paper consists of the Smith Predictor, with multivariable fractional order PI primary controller. The control structure used is given in Fig. 1, where ) s ( G m is the is the process model without the time delays and G F (s) are feedback filters added to improve robustness to time delay variations [14] .
The general transfer function for a fractional order PI controller is given by:
is the fractional order. The design of the controller consists in determining the controller parameters, kp and ki, as well as the fractional order µ . Since the control structure consists in a Smith Predictor, the tuning of the parameters is done based on the delay free part of the transfer function in (5) , by imposing a gain crossover frequency, to establish the settling time of the closed loop [15] , and by imposing robustness to gain changes. Based on the imposed gain crossover frequency, the following equation is obtained:
where gc ω is the gain crossover frequency. Equation (7) may be rewritten as: 
leading to:
The gain robustness condition may be written as:
The phase of ) j ( H Taking the derivative of (12) with respect to gc ω ,
Using (10) and (13), k p and k i can be uniquely determined, for a given fractional order µ .
The tuning algorithm may be described as:
for µ =0:1 compute k i using (13) compute k p using (10) 
Implementation of Fractional Order PI Controller
The fractional order PI in (6), with ( )
, is implemented as: (15) to ensure the effect of an integer order integrator, both at high and low frequencies [16] .
Next, the fractional order PI controllers given by (15) are discretized [17] Using the discretization method in (16) , the G C (z) controller in Fig. 1 is obtained.
Case Study: 13 C Isotope Separation Column
To exemplify the algorithm described in Section 2, a case study consisting of a multivariable time delay process is considered [12] : = .
The steady state gain matrix is [12] : The decoupled process transfer function matrix can then be computed using (4) . The decoupled process open loop step responses are given in Fig. 2 , where the new control inputs Based on the plots in Fig. 4, 5 
Conclusion
The main purposes of the paper was to provide a simple and efficient method for designing multivariable fractional order PI controllers with increased robustness against gain uncertainties. The case study presented demonstrates that the proposed method can achieve good results both under nominal conditions, as well as in situations of process gain variations.
Further research will be conducted to include in the performance specifications set the conditions for robustness regarding time delay variations, as well as possibilities to reduce the various input-output interactions.
